Polyamine (PA) transport as well as PA biosynthesis, degradation and conjugation plays a vital role in the regulation of intracellular PA levels, which are essential for cell growth. Generally, PA uptake activity is elevated in rapidly proliferating cells. Previous studies showed that PA uptake in plant cells occurred via energy-dependent, protein-mediated transport systems. Numerous lines of evidence suggest that paraquat (PQ), one of the most widely used herbicides, is transported by the PA transport system in diverse organisms including plants. The PA/PQ transport interactions are proposed to be due to specific structural similarities between PA and PQ. The understanding of PA transport mechanisms has progressed in parallel with that of PQ transport, but the molecular identity of the plant PA/PQ transporter has remained an enigma. Recently, independent studies identified the L-type amino acid transporter (LAT) family transmembrane proteins as transporters of both PA and PQ. Arabidopsis LAT family proteins showed different subcellular localization properties, which suggested that these transporters were involved in intracellular PA trafficking and PA uptake across the plasma membrane. The identification of plant PA transporters is an important step in understanding the mechanism of PA homeostasis in plant cells. In this review, we highlight recent advances in the study of PA transport systems that are linked to the understanding of PQ translocation.
Introduction
Polyamines (PAs) are small, polycationic molecules that are essential for growth and survival of all organisms. In plants, putrescine (Put), spermidine (Spd) and spermine (Spm) are the most abundant PAs (Fig. 1) . PAs are involved in various plant growth and developmental processes, including stimulation of cell division, responses to environmental stresses and the regulation of rhizogenesis, embryogenesis, floral development and senescence (Evans and Malmberg 1989 , Kakkar and Sawhney 2002 , Kusano et al. 2008 , Alcazar et al. 2010 , Takahashi and Kakehi 2010 . PAs control the activities of several types of cation channels (Lopatin et al. 1994 , Lu and Ding 1999 , Huang and Moczydlowski 2001 , Pandolfi et al. 2010 , Pottosin et al. 2012 , including the inward potassium channel in guard cells that is implicated in the regulation of stomatal movements (Liu et al. 2000) . Thermospermine, a structural isomer of Spm, plays an important role in xylem formation (Takano et al. 2012 , Yoshimoto et al. 2012 ). Due to the multiple functions of PAs and their intrinsic toxicity (Seiler 2004, Igarashi and Kashiwagi 2010b) , intracellular PA levels are stringently controlled (Cohen 1998, Igarashi and Kashiwagi 2010a) . The major source of PAs is via de novo biosynthesis; however, transport of pre-formed PAs also has a significant role in the maintenance of cellular PA levels (Kakkar et al. 1998 , Igarashi and Kashiwagi 2010b , Palmer and Wallace 2010 .
Generally, PA uptake activity is affected by the PA requirement of the cell. Higher growth rates are usually accompanied by higher rates of exogenous PA uptake and intracellular de novo synthesis. Trophic stimuli, hormones and growth factors enhance PA transport rates in mammalian cells (Seiler and Dezeure 1990) . Cells undergoing rapid proliferation such as regenerating liver, lung cells or tumor cells take up PAs in higher amounts. The depletion of intracellular PA levels leads to higher PA uptake activity. Escherichia coli strains that are deficient in polyamine biosynthetic enzyme(s) maintain their growth by uptake of exogenous PAs (Igarashi and Kashiwagi 2010a) . In mammalian cells, depletion of intracellular PAs by treatment with PA synthesis inhibitors such as D,L-2-difluoromethylornithine (DFMO) causes a several-fold increase in PA uptake activity (Palmer and Wallace 2010) . DFMO is highly effective in the primary prevention of cancer and in the treatment of protozoal infections (Tabor and Tabor 1984) . Therefore, PA metabolism and transport systems have attracted significant attention as targets for drug development to treat cancer and parasitic infections (Palmer and Wallace 2010) .
Little was known about the PA transport system at a molecular level in animal and plant cells, whereas multiple PA transporters have been identified in bacteria and yeasts Kashiwagi 2010a, Kashiwagi and Igarashi 2011) . Recently, a number of reports have been published on carrier proteins involved in PA transport in animals (Poulin et al. 2012, Abdulhussein and Wallace 2013) and plants (Fujita et al. 2012 , Mulangi et al. 2012b . PA transport systems have also been studied by analysis of the transport of paraquat (PQ), one of the most widely used herbicides around the world. This review discusses recent progress in the understanding of the plant PA transport system and PQ translocation.
Transport Interactions Between PQ and PAs
The substrate specificity of the mammalian PA transport system appears to be somewhat flexible, whereas the uptake of Put and Spd in E. coli is mediated by different transport systems that are specific to each substrate (Igarashi and Kashiwagi 2010a) . The mammalian PA transport system functions in the transport of common PAs (Put, Spd and Spm) and uncommon PAs such as cadaverine and homospermidine. The systems also transport structurally similar molecules such as PQ (Seiler and Dezeure 1990, Seiler et al. 1996) . PQ generates superoxide and reactive oxygen species (ROS), and it is highly toxic to living cells (Dinis-Oliveira et al. 2008) . In animals, PQ is preferentially accumulated in the lung and causes fatal damage (Dinis-Oliveira et al. 2008) . PQ uptake studies using rat lung tissue sections demonstrated that PQ accumulated in the tissues by an energy-dependent process that obeyed saturation kinetics (Rose et al. 1974) . Studies were performed to identify compounds that antagonize or inhibit PQ uptake and internalization into target cells. As a result, a series of diamines and polyamines have been identified as natural substrates for the carrier system that mediates PQ uptake (Smith et al. 1982 , Smith et al. 1990 ). The structural analysis of substrates for the pulmonary PA uptake system determined that at least two charged nitrogen atoms separated by a distance of 4-7 methylene groups are essential for uptake (Ross and Krieger 1981, Gordonsmith et al. 1983 ). These results suggest that PQ, which meets the structural criteria (Dinis-Oliveira et al. 2008) , is recognized as a substrate, and is internalized and transported via the PA transport system. The PA transport systems of E. coli (Minton et al. 1990 ), yeast (Tomitori et al. 1999 ) and plants (Hart et al. 1992b , Kurepa et al. 1998b ) have also been demonstrated to recognize PQ as a substrate for transport.
PA and PQ Transport in Plants
The physicochemical properties of PA uptake in plants have been studied at the cellular and subcellular level in various plants and cell types (Kakkar et al. 1998) . In carrot protoplast, uptake of Put and Spd is very rapid and stimulated by Ca 2+ (Antognoni et al. 1994 , Wipf et al. 2002 . In maize roots, Put is transported across the plasma membrane by an energydependent, protein-mediated transport system (Ditomaso et al. 1992) . Compartmental analysis in maize roots revealed that Put is transported into vacuoles, and readily transported back across the tonoplast and plasma membrane into the apoplasm of root cortical and epidermal cells (Ditomaso et al. 1992) .
The transport interactions between PA and PQ have been reported in plants. Uptake studies using maize roots revealed that PQ uptake across the plasma membrane occurs via a protein-mediated saturable system (Hart et al. 1992a) . PQ transport in maize roots was competitively inhibited by diamines such as Put or cadaverine, but was not affected by Spd or Spm (Hart et al. 1992b , DiTomaso et al. 1993 . Studies on roots of Arabidopsis demonstrated that Spd, Spm and Put inhibit PQ uptake (Fujita et al. 2012) . A number of reports indicated that exogenous application of PAs conferred high levels of protection against PQ toxicity in various plant species (Ye et al. 1997 , Kurepa et al. 1998b , Benavides et al. 2000 , Soar et al. 2004 , Fujita et al. 2012 . The protection mechanism of PAs was proposed to be mainly due to their antioxidant role (Drolet et al. 1986 , Bors et al. 1989 . Additionally, the results of uptake studies suggest that competitive transport interactions between PA and PQ may contribute, at least partially, to the protective effect of PAs against PQ toxicity. Although these recent studies advanced the understanding of PA and PQ transport in plants, the molecular entity of the transporter was not identified until recently.
Natural Variation of PQ Tolerance in Arabidopsis Accessions
PQ strongly stimulates ROS production, inhibits the cellular antioxidant system and is a potent inducer of oxidative stress (Lascano et al. 2012) . In green plant tissues, PQ targets the chloroplast and transfers electrons from PSI to oxygen, which initially produces the superoxide radical, and subsequently produces other ROS such as hydrogen peroxide and the hydroxyl radical. PQ also induces the generation of superoxide radical in mitochondria, and has been widely used to induce mitochondrial oxidative stress in many experimental systems including isolated mitochondria, cultured cells, yeast, and plant roots (Lascano et al. 2012) . To identify oxidative stress-resistant genes, we analyzed root growth rates of Arabidopsis wildtype accessions after treatment with PQ, and found that the Arabidopsis accessions had varying degrees of tolerance to PQ (Fujita et al. 2012) . Among 22 Arabidopsis accessions, five lines showed significant tolerance to PQ toxicity. There were no apparent differences in the tolerance to other oxidative stress inducers, including hydroxyperoxide and Rose Bengal, indicating that the tolerance of these lines to PQ is specific. Genomewide association analysis combined with F 2 mapping identified the gene responsible for this PQ tolerance. The gene was named resistant to methyl viologen 1 (RMV1) because methyl viologen is another name for PQ. The RMV1 gene encodes AtLAT1, a putative amino acid permease that has been categorized into the L-type amino acid transporter (LAT) family. However, the similarity between AtLAT and mammalian LAT proteins is very low (20%), and recent analysis utilizing a hidden Markov model based on multiple alignment of plant LAT family genes did not identify their homologous sequence in metazoa and fungi (Mulangi et al. 2012a) . So far the biochemical properties of the plant LAT family proteins have not been clarified. The RMV1-green fluorescent protein (GFP) fusion protein localized to the plasma membrane when transiently expressed in onion epidermal cells or when constitutively expressed in transgenic Arabidopsis plants. The rmv1 mutant exhibited greater PQ tolerance than the corresponding wild-type plants. PQ uptake activity was drastically reduced in rmv1 mutants and uptake was higher in transgenic plants overexpressing RMV1, which indicates that RMV1 is a PQ transporter. Further uptake analysis demonstrated that polymorphic variations in RMV1 affect PQ uptake activity and result in the natural variation of PQ tolerance observed in Arabidopsis accessions (Fig. 2) .
The Arabidopsis AtLAT4 gene, one of the homologs of RMV1, was identified as the gene responsible for the paraquat resistant 1 (par1) mutants that show strong resistance to PQ (Li et al. 2013) . To isolate genes with antioxidant functions, ethyl methanesulfonate-mutagenized lines of Arabidopsis were screened for mutants with improved PQ tolerance. The par1 mutants confer greater PQ tolerance at the germination and post-germination developmental stages. The PQ uptake activity of the par1 mutant was similar to that of wild-type plants, but accumulation of PQ in chloroplasts was reduced in the mutant, suggesting that PAR1 is involved in the intracellular transport of PQ into chloroplasts. The same research group also identified a rice PAR1-like gene, OsPAR1, which has a function in the regulation of rice PQ sensitivity similar to that of the Arabidopsis PAR1 (Li et al. 2013) .
A recent study reported another type of PQ transporter (Xi et al. 2012) . Mutants lacking the AtPDR11 gene showed higher survival than wild-type plants when germinated on PQ-containing media. AtPDR11 encodes an ATP-binding cassette transporter that is localized to the plasma membrane and participates in the import of PQ. These results indicate that PQ enters plant cells via various transport systems.
Characterization of RMV1 as a PA Transporter
Considering previous observations of competitive interaction of PQ and PA in transport, we hypothesized that RMV1 also functions in the transport of PA. Using transgenic plants overexpressing RMV1, the PA transport activity of RMV1 was examined. RMV1-overexpressing plants were significantly more sensitive to PAs such as Spm, Spd and Put, and displayed higher PA uptake activity than that of the control lines. RMV1 showed higher affinity for Spm (K m = 0.6 mM) and Spd (K m = 2.2 mM), and lower affinity for Put (K m = 56.5 mM). This is consistent with the observation in animal cells that the affinity for PA uptake increases from Put to Spd and Spm (Seiler and Dezeure 1990) . These results support the notion that RMV1 also participates in PA uptake, which is consistent with previous Fig. 2 Schematic model for the determination of natural variation of PQ tolerance in Arabidopsis wild-type accessions by amino acid polymorphism in RMV1. An amino acid change from Ile377 (gray star) to phenylalanine (red star) in RMV1 causes reduced PQ uptake activity (purple arrows), resulting in increased PQ tolerance (Type-RA). Most accessions that exhibit high PQ uptake activity show a PQ-sensitive phenotype (Type-S), although some lines show significant PQ tolerance (Type-RB), suggesting the existence of a novel PQ tolerance mechanism that is independent of uptake activity.
results (Minton et al. 1990 , Kurepa et al. 1998a ) and our observations that exogenous application of PAs counteracts PQ toxicity (Fujita et al. 2012) .
Other groups independently reported the identification of plant PA transporters based on sequence data and results from complementation experiments in yeast mutants deficient in PA transport. Mulangi et al. (2012b) searched rice and Arabidopsis genes that show sequence similarity to the PA transporter of Saccharomyces cerevisiae (AGP2; Aouida et al. 2005) , Leishmania major (LmPOT1; Hasne and Ullman 2005) and Trypanosoma cruzi (TcPAT12; Carrillo et al. 2006) . Fulllength cDNAs of the candidate genes were introduced into the S. cerevisiae Spd uptake mutant agp2D (Aouida et al. 2005) . These experiments showed that expression of a rice gene in the agp2D mutant partially complemented the PAinsensitive phenotype. Together with the results of radiological uptake studies, the authors concluded that the rice gene encodes a protein that functions as an Spd-preferential transporter and named the gene PA uptake transporter 1 (OsPUT1) (Mulangi et al. 2012b ). OsPUT2 and OsPUT3, and Arabidopsis genes named AtPUT1-AtPUT3 were identified by the same group (Mulangi et al. 2012a ). All these genes rescued the PQinsensitive phenotype of the agp2D mutant, suggesting that these PUT proteins can function as PQ transporters. OsPUT and AtPUT belong to the LAT family. AtPUT3 is identical to RMV1/AtLAT1, and AtPUT2 is identical to PAR1/AtLAT4.
Collectively, independent lines of evidence indicate that the LAT family genes encode proteins that function as PA/PQ transporters.
Subcellular Localization of AtLAT Proteins
In the Arabidopsis genome, there are five genes encoding LAT family proteins. At least three AtLAT proteins (RMV1/AtLAT1/ AtPUT3, PAR1/AtLAT4/AtPUT2 and AtLAT3/AtPUT1) exhibited PA transport activity, which was shown in studies using Arabidopsis or yeast (Fujita et al. 2012 , Mulangi et al. 2012a ). These three AtLAT proteins showed high sequence similarity to each other (68-76%); however, the subcellular localization of each protein was different, implying that they were involved in distinct cellular activities (Fig. 3) . The RMV1/ AtLAT1 protein was localized in the plasma membrane in onion epidermal cells and in transgenic Arabidopsis plants (Fujita et al. 2012) . Conversely, transient expression analysis using Arabidopsis protoplasts revealed that PAR1/AtLAT4 is localized to the Golgi apparatus, and AtLAT3 is localized to the endoplasmic reticulum (Li et al. 2013) . Mutations in AtLAT3 did not alter the sensitivity to PQ, which may be due to its localization or lower affinity for PQ. Although both rmv1 and par1 mutants showed significant tolerance to PQ, only rmv1 displayed reduced PQ uptake activity (Fujita et al. 2012) . In the par1 mutant, the PQ uptake activity was similar to that of the wild type; however, the accumulation of PQ in chloroplasts was reduced in the mutant (Li et al. 2013 ). These observations suggest that RMV1/AtLAT1 plays a key role in the intercellular uptake of PQ, whereas PAR1/AtLAT4 is implicated in the accumulation of PQ in chloroplast, possibly through the Golgi-mediated pathway.
In our study, there was no apparent difference in PA uptake between the rmv1 knockout mutant and wild-type plants, whereas transgenic plants overexpressing RMV1 showed drastically higher PA uptake activities. These results imply the existence of other plasma membrane-localized transporters in addition to RMV1/AtLAT1 (Fujita et al. 2012) . The primary candidates of the Arabidopsis PA transporters are the remaining members of the AtLAT family. Additionally, in other organisms such as E. coli and yeast, multiple PA transporters of different families are identified (Igarashi and Kashiwagi 2010b) . Likewise, transporters belonging to other families could also participate in PA uptake in Arabidposis. Such redundancy might make it difficult to identify plant PA transporters by genetic screening by comparison of the PA response. Our results suggest that differences in substrate specificity, subcellular localization and tissue specificity of PA transporters resulted in variations in the response to PQ, but not to PA. This enabled the identification of their transporters by genetic approaches using PQ tolerance.
Perspective
Although multiple roles for PAs in the plant life cycle have been described, the molecular mechanisms of PA function are still unknown. The recent identification of plant PA transporters is an important step in understanding the molecular function of PAs and PA homeostasis in plant cells. Studies of the identified PA transporters (AtLAT proteins) show a variety of subcellular localizations, and provide some clues as to PA localization and homeostasis in organelles. Studies on sequence polymorphisms of the LAT genes in Arabidopsis accessions or mutant alleles would help us to characterize the biochemical properties of the PA transporters.
The characterization of LAT genes also revealed the transport pathway of PQ. Our study provided molecular evidence that supports a previous assumption of the competitive interaction between PQ and PA transport in plants. Modern agriculture with herbicidal application faces the problem of emergence of herbicide-resistant weed biotypes. To cope with the problem, herbicides with different modes of action or with different targets in plant cells should be used. Thus, the LAT genes may serve as molecular targets for the development of genetically engineered crops with PQ resistance.
In our natural variation study on PQ response, we found PQ-tolerant accessions that exhibit high PQ uptake activity, suggesting that the mechanism mediating PQ tolerance is independent of PQ uptake (Fujita et al. 2012) (Fig. 2) . Further studies using these PQ-tolerant accessions would allow us to identify novel PQ resistance genes involved in uptake-independent tolerance mechanisms, such as those involved in antioxidant activities.
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